New method was used to prepare magnetite nanoparticle based on reduction of Fe(III) ions with potassium iodide to produce Fe 3 O 4 nanoparticle. The prepared magnetite was stabilized with cross-linked polymer based on 2-acrylamido-2-methylpropane sulfonic acid (AMPS to prepare novel core-shell nanogel. In this respect, Fe 3 O 4 /poly(2-acrylamido-2-methylpropane sulfonic acid) (PAMPS) magnetic nanogels with controllable particle size produced via free aqueous polymerization at 65 ∘ C have been developed for the first time. The polymer was crosslinked in the presence of N,N-methylenebisacrylamide (MBA) as a crosslinker and potassium peroxydisulfate (KPS) as redox initiator system. The structure and morphology of the magnetic nanogel were characterized by Fourier transform infrared spectroscopy (FTIR) and transmission and scanning electron microscopy (TEM and SEM). The effectiveness of the synthesized compounds as corrosion inhibitors for carbon steel in 1 M HCl was investigated by various electrochemical techniques such as potentiodynamic polarization and electrochemical impedance spectroscopy (EIS). The results showed enhancement in inhibition efficiencies with increasing the inhibitor concentrations. The results showed that the nanogel particles act as mixed inhibitors. EIS data revealed that ct increases with increasing inhibitor concentration.
Introduction
Corrosion occurs as a result of the formation of a galvanic cell; the anode reaction of this cell is usually metal dissolution and the cathode reaction can be H 2 evolution or O 2 reduction in acidic and alkaline media, respectively. Cathodic and anodic reactions are heterogeneous reactions involving two steps, a charge transfer step and a mass transfer step. Sometimes the mass transfer step is slower than the charge transfer step and then the rate of corrosion is determined by the diffusion step. The rate of diffusion is governed by the prevailing hydrodynamic conditions. Diffusion-controlled corrosion in pipelines is favored by turbulence since turbulence enhances the rate of mass transfer by thinning the diffusion layer across which the corrosive species, for example, oxygen, and corrosion products diffuse. Mechanistic information on corrosion and the clarification of interactions between inhibitor molecules and metal surfaces have gained considerable attention because of their great potential in corrosion inhibition of metals and alloys [1] [2] [3] [4] [5] .
Magnetic nanogels, a class of inorganic/polymer coreshell composites with nanoscaled dimension, comprise a core of magnetically susceptive nanoparticle and a shell of crosslinked polymer network. At this point, the magnetic nanogels can be incorporated into the class of mesoporous materials. The polymer network endows the magnetic nanogels with excellent swollen capacity, hydrophilicity, and functionalized surface. To date, magnetic nanogels with different functional groups [6, 7] had been prepared by photochemical in situ polymerization, based on the investigation of the photopolymerization process of vinyl monomers in several solvents [8, 9] .
Magnetic nanoparticles have proved to be useful for a number of biomedical applications due to their inherent ultrafine size, superparamagnetic properties, and biocompatibility [10] . The applicability of iron oxide nanoparticles depends upon nanoparticles size, functionality, stability, dispensability, and interfacial surfaces [11] [12] [13] [14] .
Superparamagnetic iron oxides have great potential for various biomedical applications as targeted drug delivery, magnetic resonance imaging, biological separation contrast enhancement, biosensors, hyperthermia, catalysis, and diagnostic medical devices [15] [16] [17] . Modified magnetic nanoparticles have gained considerable attention because of their great potential in biomedical applications, such as enzyme immobilization and protein [18, 19] . Magnetic nanogels of common interest are ferromagnetic magnetite (Fe 3 O 4 ) coated with cross-linked polymer nanogel, which possesses strong magnetic property and superparamagnetic behavior. It is characterized by relatively low toxicity to the human body when encapsulated in the protective polymer shell, which is cross-linked polymer hydrogels. It prevents the Fe 3 O 4 core from oxidation and aggregation. Magnetic nanogels (hydrogel shell) with good hydrophilicity and biocompatibility can be desirable for biomedical applications, such as drug delivery systems. Several methods have been developed to prepare magnetic micro-and nanogels, such as inverse microemulsion polymerization and emulsion polymerization [20] [21] [22] . With the conventional methods, however, it is not easy to obtain magnetic nanogels with controllable particle size below 200 nm, which are desirable for several applications [23] . It was expected that the high viscous polymers which were used as drag-reducing polymers declined the rate of corrosion owing to the damping effect exercised by the polymer molecules on the turbulent eddies of the hydrodynamic boundary layer. Sedahmed et al. [24] reported a 40% decrease in the rate of anodic dissolution of copper in H 3 PO 4 containing drag-reducing polyethylene oxide polymer. It was previously reported that [25] magnetite nanogel which was prepared by coprecipitation method of Fe(III) and Fe(II) salts in the presence of ammonia showed good corrosion inhibition efficiency as protective films for carbon steel alloys. In the present work, the effect of nanogel polymer on the rate of corrosion of carbon steel pipe using aqueous HCl solution was studied. The objective of the present work was to test the possibility of using cross-linked nanoparticles as corrosion inhibitors in pipelines through which fluids are flowing under turbulent flow conditions. In this work, we propose an alternative approach to synthesize polyacrylamide (PAM) superparamagnetic nanogels based on 2-acrylamido-2-methylpropane sulfonic acid (AMPS) via solution polymerization at room temperatures in an initiator free aqueous system. Sizes of the nanogel particles can be controllable from 10 to 80 nm.
Experimental
2.1. Materials. Anhydrous ferric chloride, potassium iodide, and ammonium hydroxide (25%) aqueous solution were used as reagents for preparation of magnetite and were purchased from Aldrich Chemicals Co. Oleic. 2-Acrylamido-2-methylpropane sulfonic acid (AMPS) and N,N-methylene bisacrylamide (MBA) were used to prepare cross-linked polymer delivered from Merck and used to prepare nanogel. 3 O 4 /P(AMPS) Nanogels [26] . Anhydrous FeCl 3 (40 g) was dissolved in 300 mL of distilled water to prepare an aqueous solution A. Furthermore, 13.2 g (0.08 mol) of potassium iodide was dissolved in 50 mL of distilled water to prepare an aqueous solution B. The aqueous solutions A and B were then mixed together at room temperature and stirred and allowed to reach equilibrium for one hour while bubbling with pure N 2 to keep oxygen free throughout the preparation procedure. A precipitate was filtered out, washed with distilled water, dried at vacuum at 30
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∘ C, and weighed to determine the reaction yield (95% yield). AMPS (2 g), MBA (0.06 g 3 mol% with respect to total monomer amount), and 0.01 g of potassium persulfate were dissolved in the filtrate (including washings) under nitrogen atmosphere and then heated at 65 to 70 ∘ C for 2 hrs. 200 mL of 25% ammonia solution or 2 M NaOH was added dropwise with stirring while bubbling with pure N 2 to keep oxygen free throughout the preparation procedure. A black suspension was formed upon the addition of NH 4 OH and the suspension was heated to 90 ∘ C for 30 min. After cooling the mixture to ambient temperature, the suspended magnetite was flocculated by addition of acetone (200 mL). After separation of the magnetite using a magnet and decanting the mixed solvent, the solid was washed with warm ethanol and acetone.
2.3.
Characterization. FTIR spectra were analyzed with a Nicolet FTIR spectrophotometer using KBr in a wavenumber range of 4000-500 cm −1 with a resolution accuracy of 4 cm −1 . All samples were ground and mixed with KBr and then pressed to form pellets. High resolution transmission electron microscopy (HR-TEM) images for the prepared nanoparticles were recorded using (JEM-2100F, JEOL, Japan) an acceleration voltage of 120 kV. The specimens for TEM observation were prepared by the following procedure. The sample was ultrasonically dispersed in ethanol for 5 min, and then a drop of sample suspension was dropped onto a carboncoated copper grid, which was left to stand for 10 min and transferred into the microscope.
Electrochemical Measurement.
Electrochemical tests were performed in a glass cell with a 3-electrode assembly as follows: working electrode, reference electrode (saturated calomel electrode), and platinum sheet as counter electrode. These tests were carried out with a Solartron 1470E system (potentiostat/galvanostat) and along with Solartron 1455A as frequency response analyzer. The potentiodynamic polarization curves were recorded by applying a 5 mV s −1 scanning rate and electrochemical impedance spectra were Journal of Chemistry
Scheme 1: Preparation of (a) magnetite and (b) Fe 3 O 4 /P(AMPS) nanogel.
performed in the 10 4 -10 −2 Hz frequency range. Multistate software was used to run the tests and collect and evaluate the experimental data. The impedance data were analyzed and fitted with the simulation ZView 3.3c, equivalent circuit software.
Results and Discussion
The effect of hydrochloric acid (HCl) on the magnetite was previously studied [27] [28] [29] . The dissolution of synthetic magnetite, maghemite, hematite, goethite, lepidocrocite, and akaganeite was faster even in 0.5 M HCI than in HCIO 4 [29] . It was suggested that the formation of Fe-Cl surface complexes assists dissolution. Extant experimental data indicate that the solubility is controlled via the equilibrium [30] 
The objective of this work has been achieved by a method for preparing coated magnetite nanoparticles as illustrated in the experimental section. The magnetite formed according to proposed mechanism as represented in Scheme 1. In this respect superparamagnetic magnetite Fe 3 O 4 nanoparticles were prepared by different modified methods according to the following chemical equation:
The magnetite was linked with amide and sulfonate groups of both AMPS and MBA through hydrogen bond as discussed in previous work [25, 26] . In this respect, as represented in Scheme 1, Fe 3 O 4 nanoparticles were prepared by partial reduction of ferric ion by using potassium iodide as a moderate reducing agent and succeeding coprecipitation by diluted ammonium hydroxide. It was proposed that AMPS, monomers, and MBA cross-linker were adsorbed on the modified iron oxide particle through chelation between Fe 3 O 4 and the sulfur and oxygen and nitrogen atoms of monomers. The cross-linked polymers were polymerized onto the surface of the magnetic nanoparticles by a free radical polymerization in the presence of MBA cross-linker. The monomers and cross-linker were prone to be adsorbed on Fe 3 O 4 surface primarily. Additionally, the molar extinction coefficient of nanosized Fe 3 O 4 at 65 ∘ C was much larger than that of AMPS or MBA molecules in solution, so when the system was thermally heated at 65 ∘ C, Fe 3 O 4 nanoparticles were thought to absorb the vinyl monomers and MBA molecules on the surface of Fe 3 O 4 nanoparticles which were activated and polymerized [25, 26] . It was expected that AMPS functionalized magnetic nanogels synthesized via thermal polymerization would be a core shell structure, where nanosized Fe 3 O 4 was the core and PAMPS-Na, formed with 2 M NaOH, was aminofunctionalized hydrophilic gel shell. Figure 1 were referred to the vibrations of -CH 3 , -CH, and -CH 2 , indicating the polymerization of AMPS and MBA as illustrated in Scheme 1. The characteristic absorption band of AMPS units is shown at 1040 cm −1 due to SO 3 group. The disappearance of bands at 3050, 1600, and 950 cm −1 which is attributed to =CH stretching, C=C stretching, and =CH (out-of-plan bending), respectively, refers to the complete polymerization of monomers and MBA cross-linker. The bands of 1680, 1590, and 1384 cm −1 , were assigned to CONH stretching, NH bending, and C-N stretching vibration, respectively that indicated the formation of cross-linked PAMPS-Na (Figure 1) .
Chemical Structure and Morphology of Fe
Transmission electron microscopy (TEM) was used to measure the morphology and particle size of magnetic nanoparticles. Figures 2(a) and 2(b) illustrate the morphology of the prepared magnetite in the presence and absence of AMPS nanogel. Magnetite nanoparticles prepared in the absence of AMPS nanogel, as shown in Figure 2(a) , have more distinct morphology with less aggregation. This might be attributed to the fact that magnetite nanoparticles prepared have quite a number of hydroxyl groups on the surface of precipitates from contacting with the aqueous phase. The negative charges on hydroxyl group offer some stability to the prepared nanoparticles during the aging period and delay the aggregation process. TEM of this method reveals formation of monodisperse Fe 3 O 4 nanoparticles that have a narrow particle size distribution with the mean size of 4-8 nm. TEM image of coated Fe 3 O 4 /p (AMPS) was illustrated in Figure  2 (b). The TEM images clearly reveal that the nanoparticles are well-shaped spheres with smooth surfaces, with the Fe 3 O 4 being visible as dark spots inside the magnetic polymer particles. From the figure, it is noticed that all particles joined as bi-, tri-, tetra-, or penta-nomial particles and increased the particle diameters to be 20-28 nm. This can be attributed to the link formed between amide and sulfonate groups of AMPS and MBA in the network of nanogel as illustrated in Scheme 1. This link can act as protective layer for magnetite from the surrounding environment such as 1 M HCl which will be illustrated in the next section.
Polarization Measurements.
Potentiodynamic polarization curves for carbon steel in 1 M hydrochloric acid solution containing different concentrations of AMPS are shown in Figure 3 . The intersection of Tafel regions of cathodic and anodic branches gives the corrosion current density ( corr ). Table 1 shows the dependence of corr obtained from Tafel plots for carbon steel electrode in 1 M HCl solution without and with different concentrations of the investigated AMPS.
The corr values were used to calculate the inhibition efficiency, IE (%), using the following equation [31] :
where ∘ corr and corr are the corrosion current densities for carbon steel electrode in the uninhibited and inhibited solutions, respectively. It is observed that the current density decreased with increasing concentration of the inhibiting molecules, indicating an inhibiting effect. It is clear from Table 1 that corrosion current density ∘ corr decreased by addition of AMPS derivatives in 1 M HCl. The obtained inhibition efficiencies given in Table 1 show that cationic derivatives act as effective inhibitors. It can be concluded that the addition of cationic inhibitor decreases the corrosion rate of carbon steel by blocking both cathodic and anodic sites, thus decreasing the available sites for corrosion. From the polarization curves, it was observed that the anodic and cathodic reactions were affected by the AMPS inhibitor, which is considered as a mixed-type inhibitor. Thus, it reduces the anodic dissolution of the carbon steel and also retards the cathodic reactions. It is clear from the polarization curve that the anodic curve displays a passive film formation on the electrode surface in the presence of the inhibitor within the studied potentials. This indicates that nanogel particles act as mixedtype inhibitor with predominant cathodic effectiveness. The cathodic current potential curves (Figure 3 ) gave rise to parallel lines indicating that the addition of cationic to the 1 M HCl solution did not modify the hydrogen evolution mechanism and the reduction of hydrogen ions at the carbon steel surface taken place mainly through a charge transfer mechanism. The anodic polarization curve of carbon steel in 1 M HCl showed uniform corrosion. The decrease in anodic current densities on increasing the cationic concentration showed that corrosion rate of carbon steel decreased on increasing cationic concentration. It can be concluded that the inhibition process could be related to the reduction of exchange current densities of the cathodic and anodic reactions, which was more sensible for the cathodic reaction. The addition of cationic inhibitor impedes the corrosion via geometric blocking effect, thus blocking the cathodic and the anodic reaction sites on the steel surface. It is clear from the calculated data that nanogel particles inhibit the corrosion of carbon steel to an appreciable extent and the extent of inhibition is dependent on the inhibitor concentration. 
EIS Measurements.
The Nyquist plots obtained from the EIS measurements for carbon steel in 1 M HCl solutions in absence and presence of AMPS inhibitor at different concentrations are shown in Figures 4 and 5 , respectively. A single, depressed, and capacitive like semicircle was observed, from high to low frequencies region in the absence of inhibitor and illustrated that the corrosion process was controlled by charge transfer resistance. The appearance of the capacitive semicircle observed in the Nyquist plots is ascribed to the double layer capacitance and the charge transfer resistance of the corrosion process at the electrode surface [32] . Introducing AMPS was observed to increase the semicircle's diameter as shown in Figure 5 indicating inhibition of the corrosion process. Furthermore, the increase in AMPS concentration increased the diameter of the semicircle. The slightly depressed nature of the capacitive semicircles which have the centre below the -axis is the characteristic for solid electrodes and has been attributed to the roughness and other inhomogeneities of the electrode [33, 34] . As can be seen in Figure 5 , in the presence of AMPS the Nyquist plots showed that charge transfer mechanism is no longer the dominant mechanism and it has changed to a diffusion controlled reaction. This may be due to the transport of ions in solution which slowly replaces charge transfer. In other words, the existence of Warburg-type impedance arises indicating that the corrosion process is under diffusion control. Electrical equivalent circuits are generally used to model the electrochemical behaviour and calculate the parameters of interest such as electrolyte resistance ( ), charge transfer resistance ( ct ), and double layer capacitance (C dl ). In case of presence of a nonideal frequency response, it is commonly accepted to employ distributed circuit elements in an equivalent circuit. The most widely used is a constant phase element (CPE), which has a noninteger power dependence on the frequency. The impedance of a CPE is described by the expression
where is the CPE constant proportional to the capacitance of the corroding system (C dl ), is √-1, and is 2 ∏ , where is the frequency and has the meaning of a phase shift. A CPE is often used in a model in place of a capacitor to compensate for nonhomogeneity in the system to take into account irregularities arising from surface roughness or from other sources such as double layer capacitance or charge transfer rate. The constant phase element represents different electrical elements depending on the value of the exponent . For an ideal capacitor is 1/C and = 1, whereas for a nonideal capacitor < 1 [35] [36] [37] [38] . Hence, the EIS spectra for the presence of IM are described by a simple equivalent circuit as shown in Figure 6 . It is necessary to note that a Warburg tail was seen in the Nyquist plots. Thus, component was added to its equivalent circuit, as shown in Figure 3 . At low frequency, the capacitive component C no longer affects the total impedance value and the total impedance, , can be presented as follows:
Contribution of the Warburg impedance has also been reported by many researchers [39] [40] [41] [42] [43] [44] . The electrochemical interface in the presence of inhibitor was found to be similar to the electrode surface covered with the oxidation product due to corrosion with limited solubility [45, 46] . It is therefore concluded that the presence of inhibitor introduces the diffusion step in corrosion process and the reaction becomes diffusion controlled. The resistance to the diffusion process at the electrochemical interface increases with an increase in the inhibitor concentration. This in turn inhibits corrosion process. Inhibitors get adsorbed on the electrode surface and thereby produce an extra barrier for diffusion process and this barrier increases with increasing inhibitor concentration. Figure 7 shows the Nyquist diagram for carbon steel in 1 M HCl containing 50 ppm concentration of inhibitor showing experimental and fitting data. The values of inhibition efficiency (IE%) were determined from the following equation:
where ct (uninh) and ct (inh) are the uninhibited and inhibited charge transfer resistance, respectively. The inhibition efficiency is observed to be increased with IM concentration as clear from the data presented in Table 2 .
Mechanism of AMPS Adsorption.
The mechanism of corrosion inhibition of Fe 3 O 4 /p (AMPS) nanogels can be illustrated in Figure 8 . The Fe 3 O 4 /p (AMPS) nanogels have the ability to disperse in the aqueous acidic solution due to the presence of SO 3 −2 group in their structure, which increased their dispersion in the aqueous medium with the formation of monodispersed nanogels. The repulsive forces between sulfonate groups and the capability of amide group to form stable hydrogen bonds suggest the dispersion of nanogels. The Fe 3 O 4 particles, which possess negative charges, can be deposited on the surface of steel electrode (positive charges), which acts as protective layer and prevents the interaction between HCl and carbon steel surface [47] . On the other hand, the interaction between steel surface substrate amide and sulfonic groups of the cross-linked Fe 3 O 4 /p (AMPS) nanogels reduced both cathodic and anodic corrosion reactions.
Conclusions
(1) Magnetite nanoparticle was prepared by new method based on reduction of Fe(III) ions with potassium iodide to produce Fe 3 O 4 nanoparticle. The prepared magnetite was stabilized with cross-linked polymer based on 2-acrylamido-2-methylpropane sulfonic acid (AMPS to prepare novel core-shell nanogel).
(2) The structure and morphology of the magnetic nanogel was characterized by Fourier transform infrared spectroscopy (FTIR) and transmission and scanning electron microscopy (TEM and SEM). (4) Polarization results have shown that the AMPS derivatives act as mixed-type inhibitor without modifying the mechanism of hydrogen evolution.
